currently occurs at all life stages in estuarine and inland habitats primarily in the United States and Canada under varying regulations (MacGregor et al., 2008; Shepard, 2015) . The ASMFC (Atlantic States Marine Fisheries Commission) (2012) warned that current levels of fishing at all life stages may be too high for sustainability, given additional anthropogenic stressors, and additional regulations were subsequently implemented with the goal to reduce American eel mortality at all life stages (ASMFC (Atlantic States Marine Fisheries Commission), 2017). Limited commercial fishing exists on Caribbean islands and presumably in Mexico at multiple life stages.
Historical and current American eel commercial landings are driven by domestic and Asian markets, rather than by stock assessment, management practices or regulations (Pawson et al., 2005; Shepard, 2015) . Current commercial fisheries for the species are largely influenced by international demand, which has increased dramatically with the decline in availability of the European eel, Anguilla anguilla L., and Japanese eel, Anguilla japonica Temminck and Schlegel, in global markets. The sharply inflated and volatile market price for eels in Asia, especially glass eels for Asian aquaculture production, has presumably stimulated illegal fishing and trade and has maintained a stable, low harvest in American eel permitted commercial fisheries, even with concurrent decreasing stock trends (ASMFC (Atlantic States Marine Fisheries Commission), 2012, 2017).
In addition to commercial harvest, other interacting biological and ecological stressors threaten the American eel and contribute to its decline. Climate change, habitat loss (estuarine, lentic and lotic), barriers to migration (and hydropower operations), parasites and pathogens, and chemical contaminants may act as synergistic and additive stressors on the species (Shepard, 2015) . The complex and interactive nature of these stressors, which act at multiple spatial and temporal scales within the framework of a complex life history, render identification and quantification of relative or absolute effects on the American eel population a nearly impossible challenge (Miller et al., 2009) . Nonetheless, field investigations and correlational evidence along with various anecdotes and experiments associated with multiple anguillid eel species are sufficient to implicate these stressors as conservation concerns (Dekker & Casselman, 2014; Dekker et al., 2003; Miller et al., 2009 ).
The vast majority of research and knowledge on the American eel is derived from temperate regions in the United States and Canada, and very little is known about the species in its tropical distribution in the Caribbean and Gulf of Mexico regions (Benchetrit & McCleave, 2016; Shepard, 2015) . Ocean currents disperse American eel larvae (leptocephali) from the western Sargasso Sea spawning grounds, and a majority of the population are found along the Atlantic coasts of the United States and Canada (Figure 1 ; Miller et al., 2009; Shepard, 2015) . A lesser number may be transported via the Caribbean Current to the Gulf Loop Current, and settle in Caribbean island and mainland rivers and continental waters of the Gulf of Mexico (Kleckner & McCleave, 1982 , 1985 Miller et al., 2009) . Once these young eels settle in Caribbean estuarine and fresh waters, their biology and ecology are largely unknown, with their distribution in the region only recently discerned (Benchetrit & McCleave, 2016) . The American eel benchmark stock assessment does not include population segments in the Caribbean, but assumes that trends in the region are similar to those modelled (ASMFC (Atlantic States Marine Fisheries Commission), 2012). However, key differences between the Caribbean and Atlantic segments of the population certainly F I G U R E 1 Map of the native American eel freshwater distribution, including the Sargasso Sea spawning area and ocean currents that transport larval American eels (leptocephali) to freshwater habitats (modified from Shepard, 2015) [Colour figure can be viewed at wileyonlinelibrary. com] exist (e.g. food-web interactions; Engman, Fischer, Kwak & Walter, 2017) , but data are so scant in the Caribbean that the assumption remains equivocal and highlights the urgent need for information on the American eel in this region to guide conservation and management of the species.
In response to the information gap and data needs for the American eel in the Caribbean region, findings of original research by the authors and their associates on American eel distribution, abundance, population biology, habitat ecology, and stressors and threats from the Caribbean island of Puerto Rico were synthesised and presented. Puerto Rico is an ideal island setting to study human influences on freshwater and diadromous fishes because of an extremely dense human population and the associated demands for water and activities that impact freshwater and marine ecosystems and fisheries (Kwak, Engman, Fischer & Lilyestrom, 2016; Ramírez, Engman, Rosas, Perez-Reyes & Martinó-Cardona, 2012) . Various ecological processes and components of the stream and river fish assemblages of Puerto Rico have been studied for over a decade, with the goal of providing critical information to guide the conservation and management of the lotic resource (Kwak, Cooney & Brown, 2007; Kwak, Smith, Buttermore, Cooney & Cope, 2013; Kwak et al., 2016; Neal, Lilyestrom & Kwak, 2009 ). This research effort has yielded insight and knowledge that is specific to the American eel, which may serve to identify and elucidate spatial and temporal trends, ecological functions, and population drivers to inform natural resource agencies in strategic conservation and management planning and implementation of such plans.
| ME THODS
Fish assemblages were quantitatively sampled in 116 stream and river reaches of 49 major drainages island-wide in Puerto Rico from 2005 to 2016, including two sites on the island of Vieques (Figure 2 ; Kwak et al., 2007 Kwak et al., , 2013 . Stream reaches 65-150 m in length were sampled using pulsed-DC electrofishing techniques (single or multiple backpack electrofishers or a barge electrofisher) following a standardised three-pass removal procedure to estimate population density and biomass for each species at each site. Each fish was measured for total length (mm) and weighed (g). During 2015 During -2016 American eels from four river drainages were sacrificed, accurately measured for length and weight, examined for the presence of gonads to determine sex, and swim bladders were excised and examined for the presence of the exotic, parasitic nematode Anguillicoloides crassus Kuwahara, Niimi & Hagaki. Anguillicoloides crassus is highly invasive and can cause severe impairment of anguillid eel swim bladders, reduced swimming ability, related health effects and mortality in some cases (Kirk, 2003) .
Habitat surveys were conducted at each site and included measurements of instream physical habitat, water quality parameters and riparian features. Catchments upstream of the sampling sites were delineated, and land cover and ownership of respective catchments and riparian zones were derived from existing geospatial data provided by the Puerto Rico Gap Analysis Project (https:// data.fs.usda.gov/geodata/other_fs/IITF/index.php). A total of 335 dams and other instream barriers in Puerto Rico were identified and physical characteristics of each barrier surveyed. Details of the fish sampling gears, procedures, population parameter estimation and habitat surveys were presented by Kwak et al. (2007) , and instream barrier survey techniques described by Cooney and Kwak (2013) .
When synthesised and integrated, these extensive surveys of fish assemblages and multi-scale environmental characteristics provide substantial knowledge and insight into American eel distribution and abundance, population biology, habitat relations, and associated stressors. American eel abundance estimates varied widely, averaged 438.9 fish/ha, and ranged to over 3,000 fish/ha in density, with a mean biomass of 23.44 kg/ha up to over 180 kg/ha (Table 1) ). Density and biomass were estimated using a three-pass removal procedure following a standardised protocol described by Kwak et al. (2007) 
| RE SULTS AND D ISCUSS I ON

| Distribution and abundance
| Population biology
The 120 American eels accurately measured and examined for sex and the swim-bladder parasite revealed new and relevant information on the species population biology in Puerto Rico. Of those fish with sufficiently developed gonads, nine were male and 34 were female (male:female sex ratio of 1:3.78). American eels identified as female were substantially larger by length and weight than those identified as male (Table 2; Figure 4 ). On average, females were 107.3 mm longer and 124.5 g heavier than males. Both sexes of American eels and smaller fish of undetermined sex appeared to follow a common length-weight relationship (Figure 4 , log 10 Weight = −6.2668 + 3.1958; log 10 Total length; r 2 = 0.988; p = 0.0001). These differences in size imply that the distributional trend of occurrences of heavier individuals at lower densities at F I G U R E 3 Occurrence and density (top), biomass (middle), and average weight (bottom) of American eel among 18 sites in the Mameyes River, Puerto Rico, sampled during 2005 to 2016. Density and biomass were estimated using a three-pass removal procedure following a standardised protocol described by Kwak et al. (2007) Note. Density and biomass were estimated using a three-pass removal procedure following a standardised protocol described by Kwak et al. (2007) . Mean individual weight statistics represent the among-site average of the mean weight at each site. Sex determination in the American eel is known to be environmentally influenced (McCleave, 2001; Tesch, 2003) . Factors such as habitat type, latitude, salinity, productivity, eel density and growth can determine sex (Côté, Castonguay, Verreault & Bernatchez, 2009; Fenske, Secor & Wilberg, 2010; Oliveira & McCleave, 2000; Vélez-Espino & Koops, 2010) . Specifically, previous studies from the temperate region of this species distribution showed that habitats with high conspecific densities lead to male-dominated sex-ratios, while females tend to occur in low-density habitats (Krueger & Oliveira, 1999) . Therefore, the lower densities of eels, as observed in some upstream, high-elevation reaches in Puerto Rico, were likely to have female-dominated sex ratios, while the downstream, high-density environments may favour male differentiation (Tesch, 2003) . This finding has relevant conservation implications for Caribbean rivers, wherein upstream, high-elevation reaches that may favour females are made unavailable to American eels by high dams, resulting impounded reservoirs and other migration barriers.
TA B L E 2
Of the 120 American eels examined for the presence of the parasitic swim-bladder nematode Anguillicoloides crassus, none were parasitised by the worm. Anguillicoloides crassus infections in the American eel are widespread in United States and Canadian waters (Shepard, 2015) , but no occurrence records are known from the Caribbean. The apparent lack of infection in American eels in Puerto
Rico may be related to water temperature, salinity of estuaries, or
because Anguillicoloides crassus has not yet been introduced via anthropogenic means.
| Habitat relations
The widespread distribution of the American eel within and among Puerto Rico rivers reflects broad tolerance to environmental conditions. The species was found in river reaches with widely varying habitat conditions, ranging from small, high-elevation, high-gradient streams to large, low-gradient streams in the coastal plain. The means of measured physical parameters of reaches occupied by
American eels represent the average of widely varying conditions and indicate conditions of moderate stream width, shallow depth, low velocity, predominantly coarse substrate materials, a moderate bank angle and abundant physical instream cover (Table 3 ). Water quality measurements at occupied reaches represent typical stream water conditions found on the island, ranging from low-fertility, cool, small streams to larger more fertile, nutrient-enriched and human-impacted rivers (Table 4 ). The riparian and watershed land cover of occupied reaches similarly reflect the diversity of the landscape over the island, ranging from primarily forested landscapes to highly urbanised settings (Table 5 ). The tolerance and plasticity of the species are further demonstrated by the American eel's common occurrence in the most urbanised stream habitats on the island.
For example, American eels were found at relatively low densities (47.3-103.9 fish/ha; N = 4; Figure 2 ) at both sites sampled in the Río Piedras, a river that flows through the San Juan metropolitan area.
Riparian land cover at these sites ranged from 33.0% to 34.3% and 34.4% to 39.4% urban at the watershed scale, representing the most human-dominated river basin on the island. 
| Stressors, threats and impacts
As with most fisheries and ecosystems, the ultimate driver regulating system integrity and productivity is the human population -and this is especially true in Puerto Rico, which has an extremely dense population. The Caribbean region is among the most densely populated areas globally, and Puerto Rico is among the most populated islands (United Nations 2014). The Puerto Rico population has fluctuated dramatically for the last decade, peaking in 2009 at just under 4 million people, and decreasing steadily since. With conflicting uses of natural resources, aquatic ecosystem and fisheries management is a balancing act between meeting human water needs and maintaining the integrity of ecosystems and sustainability of fisheries Kwak & Freeman, 2010; Neal et al., 2009 ).
The stressors and threats to the American eel in the Caribbean are similar to those in its northern, temperate distribution (Shepard, 2015) , however, some human impacts to the species are realised and active, while others remain impending and are not fully understood. Figure 6 ). Furthermore, the fish assemblages in reservoirs upstream of high dams are dominated by exotic species, which may create a predator gauntlet for any American eel able to ascend migratory barriers Johnson, Olden & Vander Zanden, 2008 patterns from instream habitat parameters and landscape attributes revealed that basin-level influences appear to structure fish assemblages more than site-or reach-scale factors (Kwak et al., 2007 . However, American eel was extirpated from stream reaches with extreme habitat alteration (i.e. concrete-lined and channelised) in the urban Río Piedras watershed . The tolerance of the American eel to altered stream conditions suggests its distribution is primarily limited by other factors, such as migration barriers, but survival and abundance may be influenced by habitat quality.
Water quality is known to influence fish distribution and abundance, and the fresh waters of Puerto Rico have received substantial sediment, chemical and nutrient pollution from a variety of sources (Hazen, 1988; Hunter & Arbona, 1995; Warne, Webb & Larsen, 2005) . However, recent surveys of aquatic contaminant concentra- Exotic species, including fishes and parasites, are potential threats to the American eel in the Caribbean. The freshwater fish fauna of Puerto Rico is dominated by exotic species, but their impact on native fishes, including the American eel, are minimally understood (Kwak et al., 2016; Neal et al., 2009) . The absence of the swim-bladder nematode Anguillicoloides crassus in 120 American eels examined suggests a low incidence of the exotic parasite if it is present at all. The pathogenicity and population effects of Anguillicoloides crassus on the American eel are not well documented, but damage and pathological effects to the swim bladder are evident, and other health, survival and reproductive impacts are likely (Hein, Arnott, Roumillat, Allen & deBuron, 2014; Kirk, 2003; Shepard, 2015) . A suite of other parasites are also known to infect anguillid eels (Cone, Marcogliese & Watt, 1993; Nagasawa & Katahira, 2017; Sures & Kopf, 2004) . The prevalence and effects of these parasitic interactions pose a potential threat to the American eel in the Caribbean that is currently unknown.
Commercial fishing for the American eel in the Caribbean has occurred in Cuba, the Dominican Republic and Mexico with variable landings, and glass eel fisheries have been reported in Cuba, the Dominican Republic, Haiti and Jamaica (Benchetrit & McCleave, 2016; Shepard, 2015) . American eel were caught and sold in local Puerto Rico fish markets in the early 1900s (Hildebrand, 1935) , Climate change has an overarching influence on Caribbean water resources and is an important driver to be considered in conservation planning and policy. In Puerto Rico, precipitation and river flow are projected to decrease in all regions of the island, exacerbating the current water management of this limited resource (Henareh Khalyani et al., 2016; Van Beusekom, Gould, Terando & Collazo, 2016) . By contrast, the number and intensity of tropical cyclones has increased with warming sea surface temperature, leading to extreme flooding events (Webster, Holland, Curry & Chang, 2005) . If water allocation policy continues to favour human uses over ecological needs, the impact on stream ecosystem services, including fish resources, will worsen and affect the American eel in the region.
| CONS ERVATION IMPLIC ATIONS
The research findings presented, placed in a broader perspective with published literature, identify similarities and differences between American eels in the tropical Caribbean environment against those in the temperate Atlantic. The findings on American eel in Puerto Rico substantially expand knowledge of the distribution and abundance, population biology, habitat ecology, and stressors, threats and impacts on the species. Specifically, the resource was quantified, which is the first step for conservation planning, including aspects of size structure and sex ratios. The findings on migration barriers elucidate the mechanisms and extent of blocked stream passage and suggest that upstream, high-elevation habitats that may favour female eels are important, but limited habitats. The threat assessment of realised, impending and poorly understood stressors further highlights similarities and differences between tropical and temperate American eel segments and can serve as a basis for conservation planning and actions. A common theme in this synthesis is that many aspects of American eel biology and ecology are not well researched or understood, and this is especially true for the species in the Caribbean. There is a need for continuing research on this important, but enigmatic species to guide conservation and management of the American eel based on the best available science.
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